In obtaining the best quality of engineering parts, the quality of machined surface plays an essential role. The fatigue strength, wear resistance, and corrosion of workpiece are some of the aspects of the qualities that can be improved. This paper investigates the effect of wire electrical discharge machining (WEDM) process parameters on surface roughness and kerf on stainless steel using distilled water as dielectric fluid and brass wire as tool electrode. The selected process parameters are voltage open, wire speed, wire tension, voltage gap, and off time. Empirical models using Taguchi method were developed for the estimation of surface roughness and kerf. The analysis revealed that off time has major influence on surface roughness and kerf. The optimum machining parameters for minimum surface roughness and kerf were found to be 10 V open voltage, 2.84 µs off time, 12 m/min wire speed, 6.3 N wire tension, and 54.91 V voltage gap.
INTRODUCTION
Wire electrical discharge machining (WEDM) is a specialized thermal machining process used to machine complex shape components with high accuracy using a thin single-strand metal wire (0.1 or 0.25mm diameter) as an electrode. It is a technique used in industry for high-precision machining of all types of conductive materials such as metals, metallic alloys, graphite [1] [2] [3] . It is also known as an electro-erosion machining process. When the gap voltage is sufficiently large (i.e reaches the breakdown voltage of dielectric fluid), high power spark is produced, where the temperature increases up to 10,000 °C and allows the material to be removed from the machining area [3] [4] . WEDM is particularly valuable for applications involving manufacture of stamping dies, extrusion dies, aerospace parts such as micro gas turbine blades, and electronic components [5] [6] . Without WEDM, the fabrication of precision workpiece requires many hours of manual grinding and polishing [5] .
In WEDM, the performance measures are the indicators used to observe the quality of the finished parts, whereas, the process parameters are the variables that influence the machining process. The most significant performance measures in WEDM are surface finish, material removal rate, and kerf. All of these performance measures are usually affected by the process parameters such as pulse on-time, open voltage, servo voltage, wire feed, dielectric pressure, and wire tension. These parameters have the ability to produce better quality machined surface with less cracks and surface damages [7] . Surface roughness is used to control the quality of the finished part while kerf is used to determine the accuracy of dimension. According to previous studies, the surface roughness improves when the pulse duration and the discharge current decreases [8] .
Kerf is a width of the machined slots, where it also measures the amount of the material that is wasted during machining. It determines the dimensional accuracy of the finishing part. Kerf limits the internal corner radius during machining of the workpiece [3, [9] [10] . Open voltage and wire tension are some of the main parameters that can control the kerf and precision of the machined part [8, 11] . It is because open voltage can control the wire vibration and breakdown distance. The corner errors and kerf variations mainly caused by the wire tool deflection and vibration in the discharge gap, these are the main factors that influence the machining accuracy. A study has been carried out to examine the kerf variations and the discharge gap (25-75 µm) usually achieved in conventional WEDM [5] . Hence, the objective of this paper is to investigate the effect of WEDM process parameters on surface roughness and kerf of stainless steel using distilled water as the dielectric fluid and brass wire as the tool electrode.
METHODOLOGY
The experimental investigation was performed using the Mitsubishi FX10K CNC Wire EDM. The workpiece material, which was stainless steel S304, was prepared in desired dimension of 150 mm × 8 mm ×10 mm with flat surface finish. Stainless steel is commonly used almost in all industrial applications and it accounts for approximately 50% of the world's steel production and consumption. This is because of its aesthetic view in architectures, resistance against corrosion and chemicals, high hardenability, and well mechanical property. As a result, it has become the most preferred material [8, 12] . Brass wire with 0.2 mm diameter was used as the tool electrode whereas distilled water as the dielectric fluid. The experimental parameters are listed in Table 1 .
The parameters were selected based on the type of machining material, tool material, height of the workpiece, and the capability of the machine. The controlled parameters were voltage open, wire speed, wire tension, voltage gap, and off time. Mitutoyo Surftest (SV-514) was used to measure the surface roughness (Ra). The tester used a cutoff length of 2 mm and evaluation length of 0.8 mm with a Surfpak V4.10 (2) software having a resolution of 0.01 μm and stylus speed of 0.10 mm/sec. Measurements of Ra were repeated three times and the average of Ra were calculated. On the other hand, scanning electron microscope, SEM (Jeol JSM-5600) was used to measure the kerf of the workpiece. The measurements of kerf were taken at three different places and the average of the kerf was calculated.
The experiments were based on the Taguchi's L16 orthogonal array design. The experimental results in Table 2 are analysed using signal-to-noise (S/N) ratio and analysis of variance (ANOVA) approach. The S/N ratio is used as a measurable value instead of standard deviation. This is because of the fact that as the mean decreases, the standard deviation also will decrease and vice versa. The S/N ratio depends on the type of characteristic, where the higher value that represents a better machining performance such as MRR is known as higher is better. On the other hands, the characteristic that have lower value that represents a better machining performance, such as surface roughness and kerf is called lower is better as shown in Eqn. 1 [13] [14] .
Where, is the number of iteration and is the experimental result.
RESULTS AND DISCUSSION
3.1 Surface Roughness, Ra Signal-to-Noise (S/N) ratio. The S/N ratio according to Taguchi method is the ratio of signal to noise where signal represents the desirable value and noise represents the undesirable value. The S/N ratio for the experiments conducted is shown in Table 2 meanwhile the mean of S/N ratio for Ra is presented for four levels are tabulated in Table 3 . Figure 1 shows the effects of process parameters on mean S/N ratio for Ra. According to Taguchi method, minimizing average Ra would be better for precision manufacturing. Hence, "smaller-the better" type problems would give a smaller values for average Ra in order to get a better quality of finish parts [15] . Based on Table 3 and Figure 1 , it was found that S/N ratio for Ra decreases when the wire speed, wire tension, and voltage gap are at level 4. The wire vibration tends to reduce when the wire tension increases which helps the surface roughness to improve [16] . However, the S/N ratio for Ra increases when the off time is at level 4 and level 3 for voltage open. Voltage open should be kept as low as possible in order to get a better surface roughness. It is to avoid powerful explosion to occur which can cause deep crater on the machined surface and resulting to poor surface quality at the machined area [16] . 
Analysis of variance (ANOVA

Kerf
Signal-to-Noise (S/N) ratio. The equation used to calculate the average kerf is the same used for the average Ra in order to attain better accuracy for the finish parts. Figure 2 shows the effects of process parameters on mean S/N ration for kerf while Table 5 shows the S/N ratio means for kerf. Based on Table 5 and Figure 2 , it shows that S/N ratio for kerf decreases when the level of voltage open and wire speed are at level 4 while wire tension is at level 2. However, according to previous research studies, it is inferred that kerf decreases when the wire tension increases. This is because wire vibration is expected to reduce with the increase of wire tension which will lead to reduction of kerf (16) . Conversely, the S/N ratio for kerf increases when the levels of off time and voltage gap are at level 1 and level 2 respectively.
Analysis of variance (ANOVA). An empirical model as expressed in Eqn. 3 is developed by ANOVA. Based on Table  6 , the model F-value of 68.71 implies the model is significant. There is only a 0.25% chance of noise that could occur in the model F were higher compared to the optimize Ra and kerf with maximum error of 7.81% and 8.49% respectively. The percentage error for minimum Ra and kerf are relatively small which shows the empirical equations are valid.
CONCLUSIONS
In this paper, process parameters of WEDM on surface roughness and kerf were analysed using stainless steel (S304) as the workpiece, brass wire as the tool electrode, and distilled water as the dielectric fluid. All of the process parameters that have been used for the investigation were found to have influence on the surface roughness and kerf. The following conclusions are drawn from the experimental study:
1. From S/N ratio, it can be inferred that wire speed, wire tension, and voltage gap should be at the highest level, which is level 4 while voltage open and off time should be at level 3 and 4 respectively to obtain low surface roughness. As for the kerf, it can be concluded that to get minimum kerf, voltage open and wire speed should be at level 4 while off time, wire tension, and voltage gap should be at level 2, level 2, and level 1 respectively. 2. Based on ANOVA, the most significant factor that influences the surface roughness and kerf is off time. 
